Protein geranylgeranyltransferase type I (PGGT-I) and protein farnesyltransferase (PFT) occur in many eukaryotic cells. Both consist of two subunits, the common ␣ subunit and a distinct ␤ subunit. In the gene database of protozoa Trypanosoma cruzi, the causative agent of Chagas' disease, a putative protein that consists of 401 amino acids with ∼20% amino acid sequence identity to the PGGT-I ␤ of other species was identified, cloned, and characterized. Multiple sequence alignments show that the T. cruzi ortholog contains all three of the zinc-binding residues and several residues uniquely conserved in the ␤ subunit of PGGT-I. Co-expression of this protein and the ␣ subunit of T. cruzi PFT in Sf9 insect cells yielded a dimeric protein that forms a tight complex selectively with [ 3 H]geranylgeranyl pyrophosphate, indicating a key characteristic of a functional PGGT-I. Recombinant T. cruzi PGGT-I ortholog showed geranylgeranyltransferase activity with distinct specificity toward the C-terminal CaaX motif of protein substrates compared to that of the mammalian PGGT-I and T. cruzi PFT. Most of the CaaX-containing proteins with X = Leu are good substrates of T. cruzi PGGT-I, and those with X = Met are substrates for both T. cruzi PFT and PGGT-I, whereas unlike mammalian PGGT-I, those with X = Phe are poor substrates for T. cruzi PGGT-I. Several candidates for T. cruzi PGGT-I or PFT substrates containing the C-terminal CaaX motif are found in the T. cruzi gene database. Among five C-terminal peptides of those tested, a peptide of a Ras-like protein ending with CVLL was selectively geranylgeranylated by T. cruzi PGGT-I. Other peptides with CTQQ (Tcj2 DNAJ protein), CAVM (TcPRL-1 protein tyrosine phosphatase), CHFM (a small GTPase like protein), and CQLF (TcRho1 GTPase) were specific substrates for T. cruzi PFT but not for PGGT-I. The mRNA and protein of the T. cruzi PGGT-I ␤ ortholog were detected in three life-cycle stages of T. cruzi. Cytosol fractions from trypomastigotes (infectious mammalian stage) and epimastigotes (insect stage) were shown to contain levels of PGGT-I activity that are ∼100-fold lower than PFT activity. The CaaX mimetics known as PGGT-I inhibitors show very low potency against T. cruzi PGGT-I compared to the mammalian enzyme, suggesting the potential to develop selective inhibitors against the parasite enzyme.
Introduction
Prenyl modification of proteins with either farnesyl or geranaylgeranyl lipid is required for pivotal cellular events in eukaryotic cells including cell proliferation, apoptosis, and membrane trafficking [1, 2] . Two distinct enzymes, protein geranylgeranyltransferase-I (PGGT-I) and protein farnesyltransferase (PFT), are thought to occur in most eukaryotic cells that transfer either a geranylgeranyl or a farnesyl group to proteins containing the C-terminal CaaX motif (where C is cysteine, a is usually an aliphatic amino acid, and X is a variety of amino acids). The C-terminal CaaX motif is a major determinant for recognition either by PGGT-I or PFT. Proteins with Leu or Phe at the X position are good substrates of PGGT-I, while those with Ser, Glu, Met or a few other residues are preferred substrates of PFT [2, 3] . In in vitro enzyme assays, several CaaX proteins including those with X = Met such as K-Ras-CVIM also serve as weak substrates of PGGT-I, and in mammalian cells cultured with a PFT inhibitor these proteins are shown to be geranylgeranylated [4] . Although geranylgeranylated and farnesylated forms of some proteins could have different functions, the alternatively modified proteins seem to be functional in cells, which is thought to be one reason that PFT inhibitors are not highly toxic to mammalian cells [4] . Proteins such as H-Ras-CVLS, that are normally farnesylated but not alternatively modified by PGGT-I in cells treated with a PFT inhibitor, may be mainly responsible for the biological responses of PFT inhibition in the cells [4] .
Protein prenyltransferases preferentially operate via an ordered mechanism for binding two substrates with the prenyl pyrophosphate substrate binding first [2, 5, 6] . Mammalian PGGT-I and PFT form a tight complex selectively with their substrates, geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP), respectively [7, 8] . Structural and mechanistic studies revealed that critical residues involved in substrate binding occur in the ␤ subunits of mammalian PFT and PGGT-I, and that PGGT-I discriminates FPP at the rate-determining product-release step in which GGPP displaces the geranylgeranylated product [9, 10] .
Most of Rab family GTPases contain the C-terminal sequence CC, CXC or CCXX and are doubly geranylgeranylated by protein geranygeranyltransferase-II (PGGT-II), which requires a Rab-escort protein for the substrate recognition [2, 11] . Several mammalian Rab GTPases that contain the C-terminal CaaX motif are shown to be preferentially modified by protein geranygeranyltransferase-II as are other Rab family proteins that are doubly geranylgeranylated [12, 13] . After prenyl modification, most proteins with the C-terminal CaaX motif including Rab proteins undergo endoproteolytic removal of the last three amino acids "aaX" followed by carboxyl methylation of the exposed prenyl-cysteine by Ras-convertion enzyme 1 (RCE1) and prenylprotein methyltransferase (PPMT or also known as ICMT), respectively [13, 14] .
PFT has been found in pathogenic protozoan parasites including trypanosmatids (T. cruzi, T. brucei, and Leishmania), the malaria parasite (Plasmodium falciparum), and the enteric parasite Entamoeba histolytica [15] [16] [17] [18] . PGGT-I has recently been found in E. histolytica [19] . T. brucei and malaria parasites show high sensitivity to inhibition of PFT compared to mammalian cells [20] [21] [22] [23] . We previously reported that potent PFT inhibitors are highly effective in blocking growth of malaria parasites and T. brucei bloodstream forms, suggesting the opportunity to develop PFT inhibitors as therapeutics for diseases caused by these parasites [22] [23] [24] [25] . It is likely that PFT inhibitors are selectively toxic to these protozoan parasites because of absence of PGGT-I or lack of alternative modification of critical farnesylated proteins in the parasites.
Effective PFT inhibitors to block growth of T. cruzi amastigotes in mammalian host cells have not been found, although the growth of T. cruzi showed significantly more sensitivity to PFT inhibition than the mammalian cells [15] . Two proteins in T.
cruzi, TcRho1 GTPase [26] and TcPRL-1 protein tyrosine phosphatase [27] have so far been shown to be farnesylated. Here we describe the cloning of a putative PGGT-I ␤ subunit and coexpression of this gene in combination with the T. cruzi PFT ␣ gene to yield a functional PGGT-I. The recombinant enzyme was characterized by specific complex formation with GGPP, and its substrate specificity with respect to the CaaX motif was studied in comparison with those of mammalian PGGT-I and T. cruzi PFT. Protein substrate candidates in the parasite cells for T. cruzi PGGT-I and PFT are also discussed. The results may provide insights that will help design protein prenyltransferase inhibitors as anti-T. cruzi therapeutics.
Materials and methods

Materials
Recombinant T. cruzi PFT and rat PGGT-I were produced in the baculovirus/Sf9 cell expression system and purified as described [8, 16] . H-Ras-CVLL and other protein substrates produced in Escherichia coli were obtained as described [8] . Biotinylated peptides were synthesized, and their structures were verified by mass-spectrometry as described [8] . The peptide segment VDWRKDDGVFMAERK of the T. cruzi PGGT-I ␤ subunit sequence predicted from the cDNA was synthesized and used to raise the polyclonal antibodies in a rabbit (21st Century Biochemicals, Marlboro, MA 
Cloning of T. cruzi PGGT-1 β subunit and production of the recombinant baculovirus
cDNA was made from T. cruzi (CL Brener) epimastigote total RNA using SuperScript II First-Strand Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Genomic DNA was eliminated with RNase-free DNase (Ambion, Austin, TX). The putative T. cruzi PGGT-1 ␤ subunit (Tc00.1047053508817.150) was identified by TBlastN in GeneDB [28] . cDNA was sequenced using spliced-leader RACE and oligo-dT RACE to establish the 5 -and 3 -boundaries of the expressed gene [29] . The defined full length ORF (1206 bp) was then amplified from T. cruzi genomic DNA using primers 5 -ccgaattcatgccgcatgccgtggttg-3 (sense) and 3 -cctctagactacaaagtgctcgtggaagt-5 (antisense) and ligated into pFastBac (GIBCO/Invitrogen). Transposition of the gene into a bacmid in DH10Bac competent cells, and transfection of Sf9 cells were carried out according to manufacturer's instructions. The baculovirus was subjected to plaque purification and amplified to a final titer of 2.8 × 10 8 plaque-forming units/ml.
Co-expression of the putative T. cruzi PGGT-I β with T. cruzi PFT α and prenyl-pyrophosphate binding assay
A baculovirus carrying the putative T. cruzi PGGT-I ␤ gene alone or together with the T. cruzi PFT ␣ virus [16] was used to infect Sf9 cells in a 12-well plate (0.5 × 10 6 cells/well) at a multiplicity of infection of 1-2 for each virus. After the monolayer culture was incubated at 27 • C for 3 days, cells were collected, washed once with phosphate buffered saline, and frozen at −80 • C. The frozen cells were thawed on ice in 100 l lysis buffer (30 mM potassium phosphate, pH 7.7, 50 mM NaCl, 5 mM dithiothreitol (DTT) containing protease inhibitors, 1 mM Pefabloc, 10 g/ml each of aprotinin, leupeptin and Pepstatin A). The cells were disrupted on ice by sonication with a microtip probe (10 pulses), and the homogenate was centrifuged at 14,000 × g for 10 min followed by at 100,000 × g for 1 h at 4 • C. The supernatant (cytosol fraction) typically contained 1.1-1.5 g protein/l. For control assays, cytosol fractions were also prepared from uninfected Sf9 cells and those expressing T. cruzi PFT by co-infection with the viruses carrying T. cruzi PFT ␣ and ␤ genes [16] . For measuring selective formation of a GGPP·protein complex, the cytosol (35 g protein) and 1 l each of ethanol/25 mM NH 4 HCO 3 (7:3, v/v) containing 0.5 Ci (21.7 pmol) [ 3 H]GGPP and 50 pmol of unlabeled FPP were mixed in a total volume of 40 l in buffer A (30 mM potassium phosphate, pH 7.7, 100 mM NaCl, and 5 mM DTT). For measuring the formation of a FPP·protein complex, a mixture of 0.5 Ci (19.1 pmol) [ 3 H]FPP and 50 pmol of unlabeled GGPP was used. The mixture was incubated at 30 • C for 10 min and subjected to gel filtration chromatography at 4 • C on a Superdex 200 HR10/30 column (Pharmacia). Elution was carried out at a flow rate of 0.5 ml/min using buffer A. Fractions of 0.5 ml were collected, and a portion (0.1 ml) was submitted to scintillation counting.
Expression and partial purification of recombinant T. cruzi PGGT-I
A suspension culture of Sf9 cells (∼1 × 10 6 cells/ml) in a spinner flask was infected with baculoviruses of T. cruzi PFT ␣ subunit and T. cruzi PGGT-I ␤ subunit at a multiplicity of infection of 1-2. After incubation at 27 • C for 3 days, cells were harvested. The Sf9 cells from a 10 ml culture were lysed in 1 ml lysis buffer as described above. The lysate was centrifuged at 14,000 × g for 10 min followed by at 100,000 × g for 1 h at 4 • C. The resulting supernatant (cytosol fraction, 1.65 mg of protein) was subjected to ammonium sulfate precipitation at 0 • C. The 0-60% ammonium sulfate fraction was dialyzed at 4 • C against 1 l of buffer B (20 mM Tris-HCl, 50 mM NaCl, 5 mM DTT, pH 8.0) overnight with three exchanges. The dialyzed material (1.22 mg protein in 447 l) was mixed with 1 Ci of [ 3 H]GGPP. After incubation at 30 • C for 10 min, the mixture was applied to a column (0.5 × 3.2 cm) of Q-Sepharose HP (Pharmacia) at 4 • C. The column was washed with 3.5 ml of Buffer B at a flow rate of 0.25 ml/min, then a linear gradient elution program was carried out at the same flow rate using buffer B and buffer C (buffer B containing 1 M NaCl); 0-50 min, 0-60% buffer C, 50-52 min, 60-100% buffer C, then 52-72 min, 100% buffer C. Fractions of 0.25 ml were collected, and an aliquot (25 l) of each fraction was counted for radioactivity. For a control experiment, 0. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] were combined and concentrated to 50 l using a Microcon 30 (MILLIPORE).
The concentrated sample (156.8 g protein) was applied to a Superdex 200 HR10/30 column, and chromatography was carried out at 4 • C in 20 mM Tris-HCl, 100 mM NaCl, 5 mM DTT, pH 8.0, containing 0.05% ␤-octylglucoside at a flow rate of 0.5 ml/min. Fractions of 0.5 ml were collected, and an aliquot (50 l) of each fraction was counted for radioactivity. Fractions 28-30 contained majority of the radioactivity and were pooled and concentrated in a Microcon 30. The concentrated sample contained ∼50 g protein and stored in buffer containing 10% glycerol at −80 • C. Aliquots of radioactive protein fractions from Q-Sepharose HP and Superdex 200 columns were subjected to protein analysis on SDS-PAGE using a 12.5% gel.
T. cruzi PGGT-I apo-enzyme (without bound [ 3 H]GGPP) was also prepared by the same purification procedures as above. The amount of T. cruzi PGGT-I was monitored by SDS-PAGE analysis and by measuring the enzyme activity using the protein substrate H-Ras-CVLL and [ 3 H]GGPP as describe below. The typical yield of the partially purified T. cruzi PGGT-I from 28 ml of Sf9 cell culture is ∼15 U (∼200 g protein) after the above purification steps. One unit of PGGT-I activity is defined as 1 pmol product formation per min using H-Ras-CVLL as a substrate. The partially purified enzyme was stored in buffer containing 10% glycerol at −80 • C. The purity was estimated to be ∼90% based on SDS-PAGE analysis.
PGGT-I and PFT assays
Standard reaction mixtures for measuring the geranylgeranyltransferase activity contain 50 ng protein of the partially purified T. cruzi PGGT-I or 10 ng protein of rat PGGT-I, 0.65 M (0.3 Ci) [ 3 H]GGPP and 5 M H-Ras-CVLL in a total volume of 20 l containing 30 mM potassium phosphate, 5 mM DTT, 0.5 mM MgCl 2 , and 20 M ZnCl 2 , pH 7.7. After incubation at 30 • C for 30 min, the reaction was terminated by adding 200 l of 10% HCl in ethanol. The amount of radiolabeled protein product was quantified by the glass fiber filter method [8] . When a biotinylated peptide was used as a substrate, the reaction was terminated by boiling for 3 min, and 40 l of avidin-agarose suspension (50% aqueous slurry, Pierce) was added to measure radioactivity transferred to the peptide as described [8] . For PFT assay, 10 ng protein of the recombinant T. cruzi PFT was incubated with 0.65 M (0.34 Ci) [ 3 H]FPP and 5 M of RAS-CVIM or a biotinylated peptide as substrates.
Preparation of cytosol fractions from T. cruzi epimastigotes and trypomastigotes
T. cruzi epimastigotes (Tulahuen strain) were grown as previously described [30] . Trypomastigotes were obtained by co-culturing T. cruzi with murine 3T3 fibroblasts at 37 • C as previously described [30] . Motile trypomastigotes were recovered from the culture supernatant with virtually no contamination of the adherent mammalian host cells. To prepare cytosol fractions from epimastigotes and trypomastigotes, the cells (∼1.5 × 10 8 cells) were disrupted on ice in 100 l buffer of 30 mM potassium phosphate,pH 7.7, 50 mM NaCl, 10 mM DTT containing protease inhibitors (1 mM Pefabloc, 10 g/ml each of aprotinin, leupeptin, and pepstatin A) by sonication using a microtip probe (10 pulses). The homogenate was centrifuged at 14,000 × g for 10 min followed by 100,000 × g for 1 h at 4 • C. The resulting supernatant (cytosol fraction) typically contained 3.5-4.0 g protein/l.
Northern blot analysis of expression of PGGT-I β in different life cycles of T. cruzi cells
Northern blots were performed using total RNA from the Tulauen strain trypomastigotes, epimastigotes and the intracellular amastigotes. RNA was purified using the RNeasy Mini kit and Qiashredder column (Qiagen, Valencia, CA). Amounts of RNA loaded were 13 g for the epimastigotes and trypomastigotes, and 70 g for amastigotes/mouse 3T3 fibroblast host cells (in which 15-20% was estimated to be from the amastigotes). Total RNA from uninfected fibroblasts (30 g) was loaded as a negative control. Blots were hybridized with a PCR generated DNA probe corresponding to bases 718-967 of the T.cruzi PGGT-I ␤ gene or bases 651-1319 of the T. cruzi 18S ribosomal RNA (GenBank AF288660). The relative expression levels were quantified by densitometry and normalized against the 18S ribosomal RNA band densities.
Results and discussion
Cloning and sequence analysis
BLAST similarity searching of the T. cruzi gene database [28] with mammalian and yeast PGGT-I ␤ protein sequences led to identification of an open reading frame (ORF) of Tc00.1047053508817.150 (1383 bp) annotated as a "conserved hypothetical" protein. The deduced amino acid sequence showed low identity (19-23%) to rat PGGT-I ␤ and PGGT-II ␤ sequences, but it contained several residues that are unique in PGGT-I ␤ as described below. Analysis of the cDNA to establish the correct boundaries of the gene expressed in vivo revealed that the actual start ATG occurs at nucleotide position 178-180 of Tc00.1047053508817.150. There is a typical splice leader acceptor site (i.e. polypyrimidine track followed by an AG dinucleotide at position 135-136) [31] downstream of the GeneDB predicted start ATG. Of particularly interest for the actual cDNA, there are two start codons 37 and 42 nucleotides downstream of the spliced-leader sequence. These two ATGs are in different reading frames, and the first ATG is in a short ORF of 27 bp, whereas the second ATG gives the full ORF of 1206 bp whose translated amino acid sequence is shown in Fig. 1 . The significance of the first short ORF is unknown. A very low level of PGGT-I activity was detectable in the cytosol fraction of T. cruzi epimastigotes [26] . It is possible that this gene architecture may allow for low expression levels of the PGGT-I ␤ since the ribosome could preferentially begin translation at the first start codon. Fig. 1 shows comparison of the amino acid sequences between three ␤ subunits of protein prenyltransferases, PFT, PGGT-I, and PGGT-II from T. cruzi and rat, including the putative T cruzi PGGT-I ␤ subunit. All three of the zinc binding residues, Asp269, Cys271, and His321 (residue numbers in rat PGGT-I ␤) are conserved in all of these prenyltransferase ␤ subunits (Fig. 1) . The putative T. cruzi PGGT-I ␤ sequence contains several unique residues including Phe53 and Lys311 that are conserved in PGGT-I ␤ orthologs from rat and 12 other species but not in PGGT-II ␤ or PFT ␤ orthologs from rat ( Fig. 1) and most of other species (not shown). Structural studies with mammalian PGGT-I and PFT revealed the residues contacting GGPP or FPP [9] that include the consensus residues Phe53 and Lys311 in PGGT-I ␤ (Fig. 1 ). Trp102 and Tyr365 in the mammalian PFT ␤ subunit have been shown to block binding of GGPP by steric hindrance of the bulky side groups based on the crystal structure and mutational studies [9, 32] . The residues corresponding to Trp102 and Tyr365 are altered in the putative T. cruzi PGGT-I ␤ as in the rat PGGT-I ortholog (Fig. 1) . Among residues of the rat enzymes contacting CaaX peptide substrates, His121 and Ala123 of rat PGGT-I ␤ are altered to Thr and Ser in the T. cruzi sequence (Fig. 1) . Thus, the putative T. cruzi protein shows significant identity to PGGT-I ␤ orthologs, although substantial differences in residues contacting substrates from those of rat enzyme are present, suggesting unique substrate specificity of T. cruzi PGGT-I.
Expression of the putative T. cruzi PGGT-I in Sf9 insect cells
PGGT-I enzymes that have been characterized consist of a ␤ subunit tightly bound to an ␣ subunit, which is identical to the ␣ subunit of PFT. Co-expression of the putative T. cruzi PGGT-I ␤ and T. cruzi PFT ␣ subunit genes was carried out in the baculovirus/Sf9 cell system. Detection of the protein expression was done by immuno-blotting analysis using antiserum that was raised against a synthetic peptide corresponding to the predicted amino acid residues 63-79 of the putative PGGT-I ␤ gene. A high level of protein with apparent molecular weight of 42 kDa, similar to the calculated molecular weight of the putative T. cruzi PGGT-I ␤ (44.5 kDa), was detected in the cytosol fraction obtained from the infected Sf9 cells (Fig. 2A, lane 1) . No significant western blot band was seen in a control sample from Sf9 cells co-infected with baculoviruses of T. cruzi PFT ␣ and ␤ subunits (Fig. 2A, lane 2) , although bands of the PFT ␣ and ␤ subunits (apparent molecular weights of ∼68 and 70 kDa) were seen in the gel stained with Coomassie blue (not shown). This shows that a significant expression level of the putative T. cruzi PGGT-I ␤ protein was obtained in Sf9 cells when co-expressed with the PFT ␣ subunit. Fig. 1 . Comparison of amino acid sequences between the three protein prenyltransferase ␤ subunits from T. cruzi and rat. Alignment was made using Clustal W program with the putative T. cruzi PGGT-I ␤ (GenBank accession number EU113181) and PGGT-II ␤ (XP 817693), T. cruzi PFT ␤ (AAL69905) (residues 383-442 and 562-588 that do not align with others are not shown), rat PGGT-I ␤ (AAA17756), PGGT-II ␤ (AAA41999), and PFT ␤ (AAA41176) (residues 431-436 are not shown). The conserved three residues binding to the active site Zn 2+ ion are indicated as letters in black boxes. Trp102 and Tyr365 (numbers from rat PFT ␤) shown in open boxes are reported to be involved in specific FPP binding [32] . Phe53 and Lys311 (numbers from rat PGGT-I ␤) shown in open boxes are consensus residues among PGGT-I ␤ orthologs from most species. Residues of mammalian PGGT-I ␤ or PFT ␤ contacting GGPP or FPP (*), those contacting the CaaX peptide ( • ), or both (#) are indicated below the alignment (according to ref. [9] ).
Analyses for expression of the putative PGGT-I β gene in different life-cycle stages of T. cruzi cells
Northern blots demonstrate that the putative PGGT-I ␤ gene is transcribed in three separate life-cycle stages of T. cruzi (Fig. 3) . The level of the PGGT-I ␤ mRNA slightly varies between mammalian stage infectious trypomastigotes, intracellular amastigotes grown in mouse 3T3 cells, and insect stage epimastigotes.
When cytosol fractions from the three life-cycle stages of T. cruzi cells were subjected to immuno-blotting analysis using the same antiserum as in Section 3.2, a band comigrating with the recombinant PGGT-I ␤ protein was detected in all three life-cycle cells tested but not in the mouse host cells (Fig. 2B) . The results suggest that the putative PGGT-I ␤ gene is expressed at the protein level in T. cruzi cells with somewhat varied levels between the different life-cycle stages. 8, 8, 28 , and 24 g protein, respectively) were subjected to the analysis. Partially purified recombinant T. cruzi PGGT-I (10 ng) was loaded as a standard, and the arrow indicates the migration position of the ␤ subunit. Immuno-blotting was performed with rabbit antiserum raised against the synthetic peptide corresponding to residues 63-79 (VDWRKDDGVFNAERDKL) of the putative T. cruzi PGGT-I ␤. Horseradish peroxidase-conjugated anti-rabbit IgG antibody was used as a secondary antibody, and the enhanced chemiluminescent reagent (Amersham) was used to visualize the protein band.
Formation of the enzyme·GGPP complex
Mammalian PGGT-I and PFT have been shown to form a tight complex selectively with GGPP and FPP, respectively, that can be isolated by gel filtration chromatography [7, 8] . To explore the possible formation of a protein·GGPP complex, cytosolic proteins from Sf9 cells expressing the recombinant proteins were incubated briefly with [ 3 H]GGPP and unlabeled FPP (∼2 mol excess), and the complex formation was analyzed by Superdex 200 gel filtration chromatography. Unlabeled FPP was added to measure specific [ 3 H]GGPP-binding, since mammalian PGGT-I is known to selectively bind GGPP over FPP with affinity for GGPP ∼300-fold higher than for FPP [8] . Mammalian PFT has also been shown to form a tight complex with FPP with binding affinity ∼15-fold higher than GGPP [8] . For measuring selective complex formation with FPP, a mixture of [ 3 H]FPP and unla- beled GGPP (∼2 mol excess) was used. As shown in Fig. 4A , the cytosol fraction from Sf9 cells co-expressing the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits gave a radioactive protein peak with [ 3 H]GGPP that eluted at a position corresponding to a molecular weight slightly smaller than that of T. cruzi PFT protein. The cytosolic proteins from uninfected Sf9 cells (Fig. 4B) or those infected only with a baculovirus carrying the putative T. cruzi PGGT-I ␤ gene (Fig. 4A) produced only low amounts of the radioactive protein peak, which may represent the endogenous level of Sf9 PGGT-I. Formation of a protein·[ 3 H]FPP complex was not detectable with the same cytosolic protein sample of Sf9 cells expressing the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits (Fig. 4A) . Thus, the results suggest that selective formation of a protein·[ 3 H]GGPP complex occurs with a dimeric protein of the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits. 
Co-purification of the putative T. cruzi PGGT-I β with PFT α and [ 3 H]GGPP as a ternary complex
We further investigated whether the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunit form a dimeric protein that binds GGPP. To isolate the protein·[ 3 H]GGPP complex, 60% ammonium sulfate precipitated proteins from the cytosol of Sf9 cells expressing the two subunits were mixed with [ 3 H]GGPP, and the mixture was subjected to two steps of chromatography. As shown in Fig. 5A , two radioactive peaks were separated after Q-Sepharose ion exchange chromatography. The elution position of a peak at ∼0.3 M NaCl corresponds to that of [ 3 H]GGPP alone in the same column. Fractions of a large radioactive peak eluted at ∼0.4 M NaCl were subjected to protein analysis on SDS-PAGE. This showed co-elution of a few proteins with [ 3 H]GGPP (Fig. 5C ). Further purification of the radioactive protein peak by Superdex 200 gel filtration chromatography followed by SDS-PAGE analysis revealed two protein bands with apparent molecular weights of ∼42.5 and 70 kDa that co-eluted with [ 3 H]GGPP (Fig. 5B and  D) . The calculated molecular weights of the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits are ∼44.5 and 72.5 kDa, respectively, which agree with band positions in the SDS-PAGE. These results indicate that a dimeric protein consisting of the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits forms a complex with [ 3 H]GGPP.
Protein geranylgeranyltransferase activity of the recombinant enzyme
The radioactive peak containing the putative T. cruzi PGGT-I ␤ and the PFT ␣ subunits obtained from Superdex 200 chromotography (Fig. 5B) was tested for the enzyme activity of transferring a geranylgeranyl group from GGPP using a panel of mammalian and yeast protein substrates ( Table 1) . The partially purified protein showed significant amounts of [ 3 H]geranylgeranyl-transferring activity on most of the Cterminal CaaX-containing proteins ending with Leu or Met. However, a very small amount of activity was detected with those substrates having X = Phe or RhoB-CKVL. This result illustrates the different CaaX specificity from that of mammalian PGGT-I ( Table 1 ). The proteins with X = Met were also good substrates for T. cruzi PFT, and one with X = Cys was selectively utilized by PFT. Two mammalian Rab family GTPases lacking the CaaX motif but containing the C-terminal CXC sequence did not serve as substrates for T. cruzi PGGT-I as expected.
Substrates for the putative T. cruzi PGGT-I in T. cruzi cells
To identify T. cruzi proteins with C-terminal CaaX sequences as potential substrates of T. cruzi PGGT-I or PFT, BLAST searching was carried out against the T. cruzi genome in GeneDB using several mammalian prenylated proteins such as human Ras superfamily small GTPases as queries. As shown in Table 2 , the search revealed at least five small GTPase-like proteins that have C-terminal CaaX tetrapeptide sequences, which include previously reported TcRho1 GTPase with C-terminal CQLF [26] . By sequence alignment of these putative T. cruzi GTPase-like proteins with human GTPases (not shown), XP 818107 was found to be highly similar to human H-, K-, N-Ras and Rap proteins (42-47% sequence identity). In addition, this protein contains sequences similar to the conserved switch 1 and switch 2 domains, YDPTIED (residues 32-38) and GQEEYSAM-RDQYMRTG (residues 60-75), respectively, of human Ras proteins [33] . In the T. cruzi putative protein, the sequences that align with the switch 1 and switch 2 are YDATIED and GQDAFGAMRDQYLRKG, respectively. The residue Gln61 of Ras proteins is involved in GTP hydrolysis and an oncogenic mutation site, while Thr is the natural residue at this position in Rap proteins [34] . This Gln residue is conserved in XP 818107. These suggest that this T. cruzi protein is an ortholog of Ras family GTPases. BLAST gene database searching with TcPRL-1 and human PRL sequences identified three PRL homologs in T. cruzi, which show ∼35-41% sequence identity to human PRL-1, 2 and 3, and contain the conserved catalytic region sequence HCVAGLGRAP [35] . All of these four T. cruzi PRL homologs contain the C-terminal CaaX sequence ending with Met, and thus are predicted to be prenylated similarly to TcPRL-1, which has been reported to be farnesylated [27] . Two T. cruzi DNAJ proteins (Tcj2 and Tcj4) that have previously been reported also contain the CaaX sequences [36] . By BLAST search with the Tcj2 and Tcj4 sequences, three additional putative DNAJ proteins with the CaaX motif were found in T. cruzi, which show 24-44% sequence identity to Tcj2 or Tcj4, and contain three to four repeats of the conserved Zinc finger motif CXXCXGXG and the J-domain motif HPD (the latter is not present in XP 820422). All these proteins contain the CaaX motif ending with Gln, which are expected to be substrates for T. cruzi PFT since the SSCALQ peptide was one of the best substrates of T. cruzi PFT among 20 different peptides of SSCALX (X is one of 20 different amino acids) as described previously [16] .
The C-terminal peptides of the Ras-like protein with CVLL and the GTPase-like protein with CHFM as well as those of CTQQ (Tcj2), CQLF (TcRho1) and CAVM (TcPRL-1) were tested as substrates for either T. cruzi PGGT-I or PFT (Table 3) . Among these, only a peptide of the Ras-like protein with CVLL was efficiently geranylgeranylated by T. cruzi PGGT-I, while others containing C-terminal CTQQ, CAVM, CHFM and CQLF were selectively farnesylated by T. cruzi PFT. It is notable that no significant prenylation cross-over by T. cruzi PGGT-I and PFT occurs for these C-terminal peptides, unlike a number of mammalian protein substrates with X = Met reported to be prenylated by both of mammalian enzymes in vitro and in vivo [4] . The peptides with CAVM and CHFM were modified by T. cruzi PFT but not by PGGT-I, although K-Ras-CVIM and RAS1-CVIM proteins served as good substrates for both T. cruzi PGGT-I and PFT (Table 1) . These results suggest that additional factors other than the X-residue dictate the selectivity of recognition by PFT versus PGGT-I.
Further studies on specificity of T. cruzi PGGT-I were carried out in comparison with that of PFT. Partially purified apoenzyme of T. cruzi PGGT-I and [ 3 H]GGPP were shown to form a significant amount of the complex separated by Superdex 200 chromatography (Fig. 6A) as seen in the experiment using the cytosol of Sf9 cells co-expressing the ␣ and ␤ subunits (Fig. 4A ).
In contrast, despite its high specificity for FPP over GGPP in the transferase reaction, T. cruzi PFT was unable to form a significant level of a tight complex with T. cruzi PGGT-I shows preferential utilization of GGPP but can also utilize FPP to prenylate the CVLL peptide, whereas T. cruzi PFT is highly selective for the utilization of FPP (Table 3) . Kinetic studies of prenylation of the CVLL peptide by T. cruzi PGGT-I showed that the apparent K M values for GGPP and FPP are similar (∼0.5 M), but the V max value with GGPP is three to four fold higher than the V max with FPP (Fig. 7A) . It was also found that the peptide with C-terminal CVLL shows higher affinity to T. cruzi PGGT-I over PFT with a ∼4-fold lower K M value for T. cruzi PGGT-I (Fig. 7B and Table 4 ). Thus, the C-terminal peptide containing CVLL of the T. cruzi Ras-like protein is selectively geranylgeranylated in vitro by T. cruzi PGGT-I. A tight and selective binding to GGPP (Fig. 4A ) may contribute largely to the specific action of T. cruzi PGGT-I in cells as suggested for mammalian PGGT-I [8] . Table 4 The K M values for T. cruzi PGGT-I and PFT acting on the C-terminal CaaX peptides of the putative T. cruzi protein substrates
The standard assays for PGGT-I and PFT were performed with various concentrations of each biotinylated peptide. The K M values for the peptides were determined by fitting the data to the Michaelis-Menten equation using non-linear regression. The values represent mean ± S.D. of two independent measurements. n.d.: not determined due to low activity.
PGGT-I activity in T. cruzi trypomastigotes (mammalian stage) and epimastigotes (insect stage)
PGGT-I and PFT assays were carried out with the cytosol fractions from T. cruzi cells (trypomastigotes and epimastigotes) ( Table 5 ). Using a large amount of cytosolic protein (9 g) and a prolonged incubation (30-120 min), low but reproducible levels of PGGT-I activity were detectable using H-Ras-CVLL or RAS-CVIM as a substrate. Both trypomastigotes and epi- Table 5 PGGT-I and PFT activities in (Table 5 ). These specificities are consistent with those of recombinant T cruzi PGGT-I and PFT (Table 1) .
Inhibitor studies
Several inhibitors showing high potency against mammalian PGGT-I have been developed. However, CaaX tetrapeptide mimetics containing leucine [38] and a recently developed inhibitor without a carboxylic acid [39] showed low inhibitory potency against T. cruzi PGGT-I at 50 nM, a concentration that caused significant inhibition of rat PGGT-I (Table 6 ). The CaaX mimetics GGTI-297 and FTI-276, selective inhibitors of PGGT-I inhibition assays were carried out with 50 nM of each compound using T. cruzi PGGT-I (50 ng) or rat PGGT-I (5 ng) and 5 M H-Ras-CVLL as a substrate. PFT inhibition assays were done using T. cruzi PFT (10 ng) and 5 M RAS-CVIM. The data represent mean ± the standard deviations of two to three measurements.
mammalian PGGT-I and PFT, respectively, had little effect on T. cruzi PGGT-I, whereas both of these compounds strongly inhibit T. cruzi PFT. Previous results show that methyl ester prodrugs of both FTI-276 and GGTI-297 inhibit growth of intracellular T. cruzi amastigotes more potently than they inhibit growth of mammalian host cells [21] . This may be due to inhibition of T. cruzi PFT by both compounds in the parasites. Sequence identity of protozoan PFT ␣ and ␤ subunits from Trypanosomatids, P. falciparum, and E. histolytica is quite low (∼20% identity) compared to the mammalian orthologs as well as between protozoan species. This includes a subset of the active site residues, suggesting distinct specificity of binding to CaaX peptide substrates and inhibitors between PFT enzymes from these different species [15, 16, 18, 40] . PGGT-I ␤ orthologs have not been identified in gene databases of T. brucei and Leishmania species. In gene databases of Plasmodium species, in addition to PFT ␤ subunit, two putative proteins with 16-20% sequence identity to the family of prenyltransferase ␤-subunits were found (not shown), although these have not been characterized. Among protozoan organisms, PGGT-I ␤ orthologs have been so far identified only in T. cruzi and E. histolytica, which show about 20-30% sequence identity to the orthologs from other species (Fig. 1) [19] . Phylogenic analysis of PGGT-I ␤ from 15 species, PFT ␤ from 14 species, and PGGT-II ␤ from 11 species suggests that the T. cruzi protein is a member of PGGT-I ␤ family although it diverges earlier than other species PGGT-I ␤ orthologs (not shown). Structural studies of rat PGGT-I complexed with a non-productive GGPP analog and various CaaX peptides have revealed residues that directly contact the CaaX peptide [3, 9] . Of those, several residues that contact the X and/or a 2 residues of the Ca 1 a 2 X peptide, Thr49, His121, Ala123, and Leu320 of rat PGGT-I ␤, are altered to Ile, Thr, Ser, and Val, respectively, in T. cruzi PGGT-I ␤ (Fig. 1) , and Tyr166 of rat PGGT-I ␣ is altered to Phe in T. cruzi PGGT-I. Structure modeling of the CaaX binding site of T. cruzi PGGT-I was performed based on the ternary complex structures of rat PGGT-I with the C-terminal peptide of TC21 KKSKTKCVIF (Protein Data Bank ID 1TNB) or the peptide KKKSKTKCVIL (1N4Q). The results show that bulkier side chains of the Ile and Ser residues of T.cruzi PGGT-I ␤ versus the corresponding Thr49 and Ala123 of the rat enzyme appear to cause steric crash with the C-terminal Phe of the CVIF peptide ligand, while the amino acid replacements seem to provide enough space to accommodate the CVIL peptide (not shown). These are consistent with the CaaX specificity of the T. cruzi PGGT-I (Table 1) . Alterations in the residues involving substrate interactions in PFT and PGGT-I subunits between protozoan and mammalian orthologs may cause substantial differences in binding specificity for the CaaX motif and small-molecule inhibitors in protozoa and mammalian cells [15] [16] [17] [18] [19] [20] [21] 40 ]. This suggests not only different selectivity of inhibitors against parasite PFT and PGGT-I from that of mammalian enzymes but also differential consequences of inhibitory effects of PGGT-I or PFT on cellular events in the parasites from those in mammalian cells.
T. cruzi PGGT-I did not show significant activity on tested protein and peptide substrates containing aromatic amino acids within the CaaX or at the X position (Tables 1 and 3 ). This coincides with insensitivity of T. cruzi PGGT-I to the CaaX mimetic inhibitors selective for mammalian PGGT-I, which contain an aromatic side group and were originally designed based on the structure of the CVFM peptide that is an inhibitor but not a substrate of mammalian PFT [41] . These results may provide useful information to design specific inhibitors against the parasite PGGT-I.
Only a few prenylated proteins have been identified so far in protozoan parasites. In the T. cruzi gene database, several putative proteins were found to contain the C-terminal CaaX prenylation signal motif. Among five GTPase-like proteins found to have the CaaX motif, two of those contain the C-terminal Leu ( Table 2) that are predicted to be T. cruzi PGGT-I substrates. One putative Rab GTPase with CWLM [37] may be a PGGT-II substrate, and other two GTPase-like proteins (TcRho1-CQLF [26] and one with CHFM) seem to serve as selective T. cruzi PFT substrates (Table 3 ). Four of the T. cruzi PRL protein tyrosine phosphatase homologs and five of the DNAJ homologs were found to have the CaaX ending with Met and Gln (Table 2) , respectively, and thus these are predicted to be farnesylated (Table 3) .
Our data so far indicate that PFT inhibitors are unable to completely kill T. cruzi at concentrations that are below the toxic range to host cells. Based on following facts, we speculate the potential of the PGGT-I to be utilized as a drug target against T. cruzi. (Tables 2, 3 and 5) . (5) T. cruzi cells showed relatively low sensitivity to PFT inhibitors compared to P. falciparum and T. brucei that do not seem to have PGGT-I. A potent and specific inhibitor against T. cruzi PGGT-I with high cell permeability will allow us to assess if PGGT-I inhibition alone or in combination with PFT inhibition will serve as an effective treatment strategy against T. cruzi infection.
